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1.1 What are clusters and why to study them?
The definition of a cluster is not accurate, usually particles containing 2 to 107 atoms
or molecules are regarded as clusters. It has been said that clusters even form a new
state of matter between individual atoms or molecules and bulk. Clusters are referred as
nanoparticles due their nanosize structure. One of the main reasons to study clusters is
to figure out how quantum properties change as a function of cluster size. In this thesis
clusters consisting of 10 to 100 units have been studied. Clusters of sizes from 2 to 103 are
called microclusters. [1–3]
Clusters are found everywhere in the nature. They are found from atmosphere as well
as from cells. To understand the cluster-related phenomena in the nature, it is important
to understand the fundamental science related to clusters since properties of clusters differ
from individual molecules and macroscopic matter. [1]
Clusters have importance also in the field of technology. Due to their special properties,
clusters can be used as components in nanodevices. In some clusters special properties
arise from their geometric and electronic structures. In the field of energy materials such as
catalysts, solar cells, and thermoelectrics clusters have been studied due to their high surface
to bulk ratio and favorable transport properties such as thermal and electric conductivity.
[1, 4]
1.2 About clusters
Clusters can be classified by the substance from which they are formed. Homo-atomic
clusters are formed from identical atoms only, whereas a homo-molecular cluster consists of
only identical molecules. Clusters can be also hetero-atomic or hetero-molecular when they
are formed from two or several different substances. In addition, clusters can be formed
from mixtures of atoms and molecules. [1]
Clusters can be classified also by the bonds between the atoms or molecules in the
cluster. They can be divided into metal, semiconductor, ionic, rare gas, and molecular
clusters. Metal clusters are formed from metallic elements so the bonding between the
atoms is metallic. Metallic clusters can be formed of one or several different elements.
In metallic bonds the outermost valence electrons form a delocalized electronic cloud that
binds the atoms [5]. Semiconductor clusters are formed from the same elements used in
the solid semiconductors. However, semiconductive and metallic clusters are not necessarily
conductive even if the bulk material is. This is due to the fact that especially in small
clusters so-called band gap, the energy separation between the top of the valence band
and the conduction band, varies as a function of the cluster size. In semiconductive bulk
material the band gap between conduction and valence band is small, whereas in insulators
the band gap is larger. In conductors the valence band and the conduction band overlap.
Therefore, conductive materials lack a band gap. Bonds in semiconductive clusters are very
strong covalent bonds. In ionic clusters the bonding is based on the fixed charges of the
atoms. [1, 3, 6]
Rare gas clusters are formed from rare gases. Atoms in rare gas clusters are bound
together due to the van der Waals dispersion forces acting between them. Dispersion forces
arise from the electronic fluctuations in atoms. These fluctuations cause instantaneous
dipoles that cause attractions between the atoms. Bonding in molecular clusters can be
due to dipole-dipole interactions, van der Waals interactions or hydrogen bonds depending
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on the molecule from which the cluster is formed. Dipole-dipole interaction arise from the
permanent electronic dipoles in the molecule due to the electronegativity differences between
the atoms in the molecule. A hydrogen bond is a bond between a hydrogen atom and an
oxygen, nitrogen, or fluorine atom. A hydrogen bond is a special case of dipole-dipole bond
due the strength of the bond. [1, 5]
Rare gas clusters are the most studied in the field of cluster science. This is due the fact
that they are relatively easy to produce. In addition, the low reactivity of rare gases makes
them safe substance to handle. Rare gas clusters are also suitable model systems for metal
clusters due to the similar structures and changes in the structure as a function of cluster
size. Geometric shell structures are observed in rare gas and metal clusters. [1, 7]
In this thesis the focus is on mass spectroscopy measurements of rare gas clusters and
mixed argon-water clusters. Of rare gas clusters argon and xenon clusters were studied
in detail. In measurements of mixed argon-water clusters, pure argon, protonated water
and mixed argon-water fragments were seen. Ionization causes the protonation of water
clusters. Xenon and argon clusters are homo-atomic clusters whereas water clusters are
homo-molecular clusters. Protonated water clusters [H2O]NH
+ and mixed argon-water
clusters ArM [H2O]
+
N are both hetero-molecular clusters. N and M indicate the number of
atoms or molecules in the cluster.
The unique chemical and physical properties make water interesting substance to study.
The importance of water is undisputed for biological processes. Therefore, water clusters
are important in the biochemical processes in cells [8]. Water clusters are also studied
in context of atmospheric processes such as acid rain formation or air pollution. These
processes occur in the surface of water droplets. In addition, water clusters are studied as
solvation models [1]. According to study of G. E. Douberly et al. protonated water clusters
are used as a model to understand the proton binding in small molecules. Proton transfer is
an important chemical process for example in acid-base reactions, electrochemistry [5] and




The elements which belong to rare gases or noble gases in periodic system are helium, neon,
argon, krypton, xenon, and radon. These elements of Group 18 are colorless and odorless
monoatomic gases at room temperature [10]. The combining factor in the structure of noble
gases is the closed-shell electron structure. In closed shell electron structure, the valence
atomic orbitals are completely occupied [5]. In this thesis noble gas clusters of argon and
xenon are studied.
Electron configuration for argon is [Ar]= 1s22s22p63s23p6. For simplicity this can be
written also as [Ar]=[Ne]3s23p6 where [Ne] describes the configuration of neon. For xenon
the electron configuration is [Xe] = [Ar]3d104s24p64d105s25p6. This can be written also as
[Xe]=[Kr]4d105s25p6, where [Kr] describes the configuration of krypton. Electron configu-
rations describe how the electron orbitals are occupied in an atom. [5]
Although the valence orbitals in xenon and argon are fully occupied there is a difference
between the ionization energy of the argon and xenon atoms [1]. Ionization energy describes
the amount of energy needed to remove one electron off the outer shell [5]. The ionization
energy for argon is 1520 kJ/mol and for xenon 1170 kJ/mol. Respectively these ionization
energies in electron volts are 15.76 eV and 12.13 eV. The higher ionization energy in argon is
due the fact that the outermost orbitals are much closer to the nucleus than the outermost
orbitals in a xenon atom. The difference between the ionization energies and polarizability
affects to the element’s ability to form bonds. Therefore, xenon has the ability to form
chemical compounds more easily than argon. However, the reactivity of rare gases is low
compared to many other elements. [1, 5]
2.2 Bonding in clusters
Bonding in clusters affects the possible structures that a cluster can have. Also, the bonding
between building blocks affects the fragmentation processes on clusters. To understand
profoundly the bonding in clusters, group theory and molecular orbital theory are used to
form bonding models. [1, 11,12]
2.2.1 Group theory
Group theory is very explanatorily powerful theory used to simplify quantum mechanical
calculations and to predict allowed spectroscopic transitions due selection rules. In addition,
group theory is used to prognosticate which atomic orbitals can contribute to each molecular
orbital in molecular orbital theory. Here we apply group theory to understand the structure
and bonding in water molecules. [12]
In group theory, molecules are categorized in symmetry groups according to their sym-
metry. There are five different symmetry elements and corresponding symmetry operations
according to the theory. Symmetry operation is an operation that leaves the object seem-
ingly untouched. A symmetry element is a point, line or plane respect to which the symmetry
operation is performed. These five symmetry operations are identity operation E, n-fold
rotation Cn, reflection σ, inversion i and n-fold improper rotation Sn. Identity operation
does nothing. The object itself is the symmetry element corresponding the identity oper-
ation. The n-fold rotation means a rotation around a symmetry axis, where the angle of
rotation is 2π/n. Reflections of the object can be found placing mirrors to the symmetry
3
axis. In inversion each point of the object is taken through the inversion center to the equal
distance on the other side. The n-fold improper rotation operation first rotates the object.
After rotation, a horizontal reflection is applied to system. Water molecule belongs to point
group C2v. The symmetry elements for the group C2v are identity E, rotation C2, reflection
σv and reflection σv′ . The symmetry elements of water molecule are presented in figure 1
to demonstrate the theory applied to molecule. [12]
Figure 1: Figure shows the symmetry operations of water molecule. After the operation
applied to molecule the result should seem untouched. In the figure C2 symbolizes the 180
◦
rotation through the z-axis. Symbols σv and σv′ describe the reflection of the water molecule
in xz- and yz-planes respectively. [12, 13]
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2.2.2 Molecular orbital theory
Molecular orbital theory is a model to describe the covalent bonding in molecules. Also,
the lack of covalent bonding between rare gas atoms can be explained using molecular
orbital theory. The theory arises from quantum mechanics and is based on superpositions
of atomic orbitals. Molecular orbitals can be described as a linear combination of atomic
orbitals. Mathematically this can be presented as in equation 1, where Ψ is the molecular






Even though the summation in equation 1 extends over all the atomic orbitals in the
atoms of the molecule, only orbitals with suitable symmetry and energy take part in forma-
tion of molecular orbitals. Applying group theory these atomic orbitals can be determined.
When the superposition of atomic orbitals interferes constructively, a bonding molecular
orbital Ψ = cAχA + cBχB is formed. Correspondingly, when the superposition of atomic
orbitals is destructive, the formed molecular orbital Ψ = cAχA − cBχB is antibonding.
Of formed molecular orbitals, the antibonding orbital is a higher-energy orbital, and the
bonding orbital is a lower-energy orbital. Due to the antisymmetry between the molecular
orbitals the antibonding orbital is more antibonding than the bonding orbital is bonding.
The antisymmetry arises from the internuclear repulsion between the atoms. The repulsion
pushes both the orbitals higher in energy. An example of molecular orbital energy level
diagram is shown in figure 2. [12,14]
Figure 2: A simple example of molecular orbital energy level diagram is presented above.
In the figure χA and χB describe the homonuclear atomic orbitals of the atoms A and B.
Ψ− is the antibonding orbital when Ψ+ is the bonding orbital. Asymmetry between the
bonding and antibonding orbitals can be seen clearly from the energy level diagram. [12]
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Electrons occupy molecular orbitals similar way as they occupy atomic orbitals in atoms:
a lower-energy orbital is occupied before a higher-energy orbital and each orbital can be
occupied by two electrons of opposite spins. Bonding orbital as a lower-energy orbital
is occupied before the higher-energy antibonding orbital. A simple value to describe the
strength of the bond is called a bond order b. The bond order describes the net bonding
in a diatomic molecule and it is presented in equation 2. Bond order depends only on the
numbers of electrons in the bonding and antibonding orbitals. The greater the number of
electrons in the bonding orbital the higher the bond order is. High bond order corresponds
to higher strength in the bonding and usually to shorter bond lengths compared to a bond





In equation 2 N is the number of electrons in the bonding molecular orbitals and N∗ is
the number of atoms in the antibonding orbitals. [14]
2.2.3 Van der Waals bond
Due to the closed-shell electron structure the interactions between rare gas atoms are weak.
The closed-shell electron structure of rare gas atoms causes the double occupation of each
bonding and antibonding molecular orbitals. Bonding and antibonding orbitals in rare gases
are formed when the outermost ns and np atomic orbitals overlap. For argon n = 3 and
for xenon n = 5. Doubly occupied bonding and antibonding orbitals cancel each other out
and therefore covalent bonding between rare gas atoms is not possible. The bonds between
the atoms in neutral rare gas clusters are Van der Waals bonds. Van der Waals bonds are a
result of London forces between atoms or molecules. London forces are also called dispersion
forces. These forces arise due to the fluctuations in the electron cloud. These fluctuations
cause temporary dipoles in the atoms. The attraction energy in Van der Waals interactions














In formula 3 r describes the distance between nuclei, and the terms Cn are constants. If
the separation is longer than atomic diameter, as it is in case of rare gas clusters, the first
term is dominant and therefore an approximation can be made [15]. The approximation is
called London formula and is presented in equation 4 [1]. The equation for constant C6 is












In formula 5 α1 and α2 describe atomic polarizabilities, I1 and I2 are the ionization
energies for two interacting atoms. Atomic polarizability α is the ratio of induced dipole
moment p and electric field E as presented in formula 6. The electric field in equation 6 is






If the interacting atoms are identical, ionization energy can be written as I1 = I2 = I.
Also, the same applies for polarizability α1 = α2 = α. Now the constant C6 can be presented





In addition to attractive interactions, there are also repulsions between the atoms. These
repulsions arise from the electrostatic interactions between the electrons and protons of dif-
ferent atoms. Moreover, there is quantum mechanical Pauli repulsion between the electrons.
Pauli repulsion causes a short-term interaction between interacting atoms and is a result of
Pauli exclusion principle. According to exclusion principle the two electrons that occupy
one orbital must have opposite spins. [5, 15]
Lennard-Jones potential is used to describe the potential between atoms that are at-
tracted by London forces but have a repulsive interaction due to Pauli exclusion principle [1].
In Lennard-Jones potential function attractive London formula VL and Pauli repulsion VP






















In equations 8 and 9 σ is the internuclear distance where potential goes to zero, r0 is
the distance at minimum potential and r is the internuclear distance [16]. The depth of the
potential well or binding energy is described as ε. For the potential well ε relation ε = kBT
can be written, where kB is the Boltzmann’s constant and T the temperature below which
the dimers can be formed. By combining these potentials into one Lennard-Jones potential,












In formula 10, Vij is the potential between atoms i and j and rij is the distance between
the atoms. In the figure 3 an example of Lennard-Jones 6-12 potential curve is presented
for argon and xenon dimer. Curves in the figure show how the repulsion and attraction
between atoms change as a function of internuclear distance. [5]
Often in cluster experiments the neutral clusters are ionized for research purposes. Clus-
ters studied in this thesis are ionized by electron bombardment to study positively charged
clusters. The bonding in neutral clusters is different compared to charged rare gas clus-
ters. In neutral rare gas dimer the bonding and antibonding molecular orbitals are doubly
occupied (σg)
2(σ∗u)
2 as was discussed before. However, if the cluster is singly charged the
occupation in the molecular orbitals change. At the ionization threshold of the cluster, the
electron removed from the cluster is removed from the antibonding molecular orbital σu.
The removal of the electron causes reformation of the interatomic bonding. For charged
argon dimer the dissociation energy is 1.5 eV when the dissociation energy for neutral argon
dimer is 12 meV. For neutral xenon dimer the dissociation energy is 24 meV and for charged
xenon dimer 1.03 eV. [1, 17]
In argon atom all the outer valence orbitals are occupied. This leads to the fact that
according to the molecular orbital theory all the molecular orbitals are occupied when a
7
Figure 3: Lennard-Jones potentials for argon and xenon dimers are shown in black, solid
curves. For argon dimer repulsion and attraction part of the Lennard-Jones potentials are
shown in two dotted lines. The y-axis presents the potential energy V between the atoms,
and the x-axis presents the internuclear distance r. When the curve is under zero the
attraction term of the Lennard-Jones potential is greater than the repulsion part of the
formula. The stability of the bonding increases as a function of the potential well depth
ε. When the repulsion part is larger, the curve is above zero and the distance between
the atoms is at its smallest. The internuclear distance, when the potential curve is zero, is
described as σ. The lowest part of the curve describes the distance r0 in which the bonding
between the atoms is strongest. The longer the distance r between the atoms the weaker
the interaction between the atoms is. The depth of the potential well ε is greater in xenon
dimer. Therefore, the strength of the bonding is weaker in argon dimer than in xenon. The
width of the potential well is wider for xenon dimer which also affects to the stability of the
bonding compared to argon dimer. [14]
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2. From the configuration the




(16− 16) = 0
Now the bond order is 0. This means that there is no covalent bonding between argon
dimers. However, the situation changes when the argon dimer in ionized. The lowest
electronic state for ionized argon dimer molecule is found when the electron is removed
from the antibonding molecular orbital (σu(3pz))







1 and the bond order for






(16− 15) = 1
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2. In neutral argon dimer nor in neutral xenon
dimer there is no covalent bonding between the atoms. The bond order for xenon can




(16− 16) = 0
The bond order for ionized xenon dimer Xe+2 can be calculated as well. The lowest
energetic state is found when the electron is ionized from antibonding molecular orbital
(σu(5pz))













(16− 15) = 1
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2.2.4 Bonding in a water molecule
Water clusters are formed from water molecules. To understand the structure and properties
of water clusters it is important to understand the bonding within a water molecule. The
bonding in a water molecule affects the bonding between individual water molecules and
therefore the bonding in water clusters. By understanding the bonding in water clusters
several other properties can be understood. [8, 18]
In molecular orbital theory, group theory is used to understand the bond formation in
molecules. The extension of molecular orbital theory can be used to understand the elec-
tronic structures in solids. As the cluster size increases, somewhat similar approximations
as in solids must be done to understand the electronic structures of clusters. [12]
The symmetry properties of a molecule are used to classify and determine molecular
orbitals. Therefore, the group theory is an important part of molecular orbital theory. As
was already introduced in section 2.2.1 water molecule belongs to symmetry group C2v. The
symmetry operations of water molecule are identity E, rotation C2 and reflections σv and
σv′ . In comparison, rare gas dimer belongs to symmetry group of D∞h. The symmetry
operations for the group are identity E, rotations C∞ and ∞C2, reflections ∞σi, inversion
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i and improper rotations S∞. Point group D∞h tells that rare gas dimer is linear and
homoatomic. D∞h point group has infinite amount of reflection planes and C2 rotation axes.
In addition, there are one axis of C∞ rotations and one axis of S∞ improper rotations. [12]
Here the water molecule alone belongs to symmetry group C2v when the water dimer consists
of two molecules each belonging to symmetry group C2v. The symmetry group for linear
water dimer shown in figure 6 is Cs. Symmetry operations of Cs symmetry group are identity
E and reflection σh. The symmetry properties of the molecule or atoms affect significantly
to the bonding and possible structures that can be seen in clusters. [12, 13,19]
Water is a compound that consists of two hydrogen atoms and one oxygen atom. Electron
configuration for neutral hydrogen is [H] = 1s1 and the electron configuration for oxygen
atom is [O] = 1s22s22p4. From the electron configurations it can be seen that a hydrogen
atom has just one proton and one electron, which means that the 1s atomic orbital is not
fully occupied. Oxygen has eight protons and neutrons in the nucleus and eight electrons in
the electron cloud. As can be seen from the electron configuration, oxygen has two electrons
missing from the fully occupied 2p orbital. [5]
A water molecule is formed when both hydrogen atoms form covalent bonds with an
oxygen atom. The valence electrons are shared between atoms forming the bonds, meaning
that now both the hydrogens and the oxygen have a closed shell electron configuration in
the valence. The bonding in water molecule can be modelled using molecular orbital theory
and group theory. The symmetry operations of water molecule are applied individually to
atomic orbitals of the atoms that the molecule has formed. This is how the atomic orbitals
that contribute to molecular orbitals of water molecule can be determined. A character
table describing the symmetry group is presented in the Table 1 [13]. [5, 12]
Table 1. The C2v character table
C2v E C2 σv σ
′
v
A1 1 1 1 1
A2 1 1 -1 -1
B1 1 -1 1 -1
B2 1 -1 -1 1
In formation of molecular orbitals for water, two guidelines must be followed: orbitals
of similar orientation can be interacting, and significant interactions can happen only with
electrons with energies close to each other. As introduced earlier, water molecule belongs to
point group C2v. The symmetries of hydrogen atomic orbitals and oxygen valence orbitals
are used to form molecular orbitals for water. To determine which of the orbitals can
interact, the symmetries of the atomic orbitals must be determined first. [13]
The consideration of hydrogen 1s orbitals cannot be separated. The atomic 1s orbitals
can have amplitudes of the same or opposite signs. When the waves of the atomic orbitals
are constructive, they are in-phase and correspondingly when the waves are destructive,
they are out-of-phase. The base that the two 1s orbitals of hydrogen form can be presented
















































Now reducible presentation for hydrogen 1s orbitals can be determined by calculating
the character of the symmetry operation from equation 11 [12].
χ(R) = TrD(R) (11)
In equation 11 R is the symmetry operation and Tr trace of a matrix D(R). The

























These results are presented in the Table 2 below as reducible representation [13].
Table 2. Reducible representation
for hydrogen 1s orbitals
C2v E C2 σv σv′
ΓH1s 2 0 0 2
Using the character table and reducible representation the number of times the irre-
ducible representation occurs in reducible representation ai can be determined. This can be






In reduction formula h is the group order, χ(R) is the character for the particular oper-





((2 · 1) + (0 · 1) + (0 · 1) + (2 · 1)) = 1
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((2 · 1) + (0 · −1) + (0 · −1) + (2 · 1)) = 1
From above the symmetry labels for hydrogen 1s orbitals are a1+b2. Representation tells
that hydrogen 1s orbitals can be combined in two ways that have different symmetries A1
and B2. The molecular orbital a1 is a sum of 1s atomic orbitals and is therefore symmetric.
Whereas the molecular orbital b2 is formed as a remainder of the atomic orbitals. The sign
of the wavefunction of the molecule orbital b2 changes in between the hydrogen atoms. In
case of oxygen the symmetry labels can be determined straightforwardly from the shapes
of the atomic orbitals. The determination is shown graphically for 2p orbitals in figure 4.
For orbital 2s the determination is trivial due to its spherical geometry. If the operation
changes the symmetry of the orbital, it is marked as -1 in the table whereas if the orbitals
stay unchanged in the operation it is marked as 1. The results are presented as reducible
representation of atomic orbitals 2s and 2p in the Table 3. In addition, the symmetry labels
in Table 3 are determined using the character table for point group C2v. [13]
Table 3. Reducible representation
for valence orbitals of oxygen
C2v E C2 σv σv′
Γ2s 1 1 1 1 a1
Γ2px 1 -1 1 -1 b1
Γ2py 1 -1 -1 1 b2
Γ2pz 1 1 1 1 a1
The symmetry labels in Table 3 above are determined using the character table for point
group C2v. When the symmetry labels have been determined the molecule orbital diagram
for water molecule can be formed. The ionization energies for atomic orbitals cannot be
neglected. Ionization energy for hydrogen 1s orbital is 13.6 eV, when ionization energy
for oxygen 2s and 2p orbitals are 32.4, and 15.9 eV. The ionization energy of oxygen 2s
orbital differ from the other energies. Therefore, the electrons of 2s orbitals do not take
part in the bonding. The molecular orbital diagram for water is presented in figure 5. From
the diagram, it can be seen, that the symmetries and energies of hydrogen 1s orbitals are
suitable to form bonds with orbitals of oxygen 2py and 2pz orbitals. [13]
The bond order in water molecule can be determined using the molecular orbital diagram




(4− 0) = 2
12
Figure 4: Demonstration how the symmetry operations affect the 2p orbitals of oxygen
atom. If the symmetry operation does not affect the orbital, it is marked as 1 and if there
is a change in the symmetry it is marked as -1 in the Table 3. The operation of symmetry
operation E is trivial and is therefore neglected from this figure. [12, 13]
13
Figure 5: Molecular orbital diagram describes the chemical bonding in water molecule. The
energies of the electrons in initial atomic orbitals are marked in the figure. The two electrons
from oxygen 2s orbital form the molecular orbital 1a1. Molecular orbitals 2a1 and 1b2 are
formed from the hydrogen 1s atomic orbitals and 2py and 2pz of oxygen atomic orbitals.
1b1 orbital is formed completely from the two electrons from 2px orbital. The antibonding
orbitals 2b∗2 and 3a
∗
1 are empty. [13]
The bond order in water molecule between oxygen and hydrogen atoms is 2, which
corresponds to a strong bonding. The strength of the bond is reflected also to the average
bond length between O-H atoms which is 95.7 pm. The angle between the two hydrogen
atoms in water molecule is 104.55◦. The dissociation energy of O-H bond in water molecule
is 4.76 eV at 0 K temperature. [18]
2.2.5 Hydrogen bond
The bonds between water molecules in water clusters and protonated water clusters are
hydrogen bonds. Hydrogen bonds describe an interaction between hydrogen and in this
case oxygen atom of separate molecules. The bonding arises from the high electronegativity
differences between the atoms of the molecules. Electronegativity is element’s property to
attract shared electrons. In water molecule the electronegativity difference between hydro-
gen and oxygen atom is relatively high. An oxygen atom is more electronegative than a
hydrogen atom. Therefore, in water molecule the oxygen atom has a negative partial charge
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while hydrogen atoms have a positive partial charge. [5, 10]
To describe a hydrogen bond often 10-12 Lennard-Jones potential is used. 10-12 Lennard-
Jones potential, written in equation 13, describes the interaction between the heteroatom
and the hydrogen. In equation 13 r is the internuclear distance. A and C are constants and
can be written as A = εr12m and C = 2εr
10
m . rm is the distance in which the bond potential







The energy and the length of the hydrogen bond varies in different situations. The
energy minimum for hydrogen bond is -0.15 eV and the bond length is around 2.952 Å
between water molecules in a linear water dimer. The distance is measured between the
oxygen atoms. In figure 6 the structure of linear water dimer is shown. [18,20,21]
Figure 6: Schematic figure of a linear water dimer. The angles and the bond lengths are
marked in the figure. The bond strength in this dimer is 0.15 eV. Reprinted from Chemical
Physics Letters, Vol. 633, Anamika Mukhopadhyay, William T.S. Cole, Richard J. Saykally,
The water dimer I: Experimental characterization, Pages 13-26, Copyright (2015), with
permission from Elsevier. [21]
2.3 Cluster structures
The structures of clusters depend on the number of atoms or molecules in the cluster. For
smaller clusters, the number of isomers is smaller when for increasing cluster size the number
of isomers is naturally larger. Isomers in clusters consists of the same amount of molecules
or atoms but the structure of the cluster differs. The second significant factor for structures
is whether the cluster is formed from atoms or molecules. The substance in which the cluster
is formed affects to the bonding in cluster. In molecular clusters the geometrical structures
of the molecules affect to the possible structures in clusters. If the cluster is formed from
individual atoms the cluster structure is more organized. [1, 23]
15
2.3.1 Rare gas clusters
A mass spectra measured for xenon and argon by O. Echt et al. [24] and I. Harris et al. [25]
suggest that the intensities of cluster peaks do not decrease smoothly with cluster size.
According to their study there are more intensive peaks in cluster sizes corresponding to
magic numbers. These magic numbers describe clusters that show geometrically stable
structures [1, 18].
In study of C. Amano et al. [26], the relation between interatomic potential and structure
of rare gas clusters is studied. According to their study icosahedron structure was the most
stable when the potential model applied was Lennard-Jones 12-6 potential. Magic numbers
in rare gas clusters correspond to the complete icosahedron shells. Equation 14 presents the
magic numbers of icosahedron shell structure. In equation 14 N is the number of atoms
or molecules in the cluster and K is the number of complete shells. The outer shells of
icosahedron clusters are called Mackay icosahedral. Icosahedron structure model is applied
to neutral rare gas clusters. There is no agreement whether the cluster structures are the




(10K3 + 15K2 + 11K + 3) (14)
According to equation 14 peaks of clusters of N=13, N=55, N=147 and so on should be
more intense in the mass spectra. However in xenon cluster spectra presented in by Echt
et al. [24] there are also peaks that do not fit into icosahedron structure model straight-
forwardly. Some magic numbers that lack from the series given by the equation 14 can be
explained by combination of an incomplete shell and a previous complete shell. [1]
There are theoretical calculations to model the structure of rare gas clusters when the
number of atoms differ from the magic numbers. These additional atoms are located on a
three-fold hollow on the faces of the icosahedron. This is called anti-Mackay packing. How-
ever, when the number of atoms increases the Mackay icosahedral becomes more favorable
again. The reason for rare gas clusters to form icosahedron structures is the low surface
energy. In icosahedron structure the number of neighbor atoms in the surface of the cluster
is larger compared to other possible clusters structures. Large number of interactions of sur-
face atoms leads to lower surface energy and therefore more stable structure. The maximum
amount of interactions between atoms causes the maximum total binding energy. [1, 26]
In study of I. A. Harris et al. [25], the mass spectra of argon shows the same magic
numbers as can be seen from the study of O. Echt et al. [24] for xenon. However, Harris
presents a model to explain all the intense peaks in the spectra. The empirical model derived
by Harris is presented elsewhere [25].
2.3.2 Water clusters and mixed clusters
For protonated water clusters there are three different types of structures. The cluster
structures and isomers described are presented in figure 7. At small cluster sizes N ≤ 10
chain structures are seen. Net structures are common when the cluster size varies around






Figure 7: Structures of protonated water and water-argon clusters [9, 27]. In figure 7a the
structures of small protonated water clusters with (2IA, 3IA, 4IA1, 4IA2) and without (2I,
3I, 4I) argon are presented in figure. Of mixed 4-mer clusters in figure 7a two isomers are
shown. In figure 7b the isomers of 5-mer protonated water clusters are presented. Figure 7c
shows the two isomers of (H2O)21H
+ clusters. The cluster size is the smallest magic number
to appear in protonated water clusters. The H3O
+ molecule is marked in blue. Reprinted
(adapted) with permission from American Chemical Society, G. E. Douberly, R. S. Walters,
J. Cui, K. D. Jordan, M. A. Duncan, Infrared Spectroscopy of Small Protonated Water
Clusters, H+(H2O)n,(n = 2 - 5): Isomers, Argon Tagging and Deuteration, J. Phys. Chem.
A, Vol. 114, No. 13, pp. 4570-4579, (2010). Copyright (2010) American Chemical Society.
and John Wiley and Sons, R. Ludwig, Protonated water clusters: The Third Dimension,
ChemPhysChem, Vol. 5, Iss.10, pp. 1495-1497, (2004). Copyright (2004) WILEY-VCH
Verlag GmbH and Co. KGaA, Weinheim. [9, 27]
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In the study of G. E. Douberly et al. [9] structures of small protonated water clusters
with and without argon are studied. According to their study in protonated water dimer
the two water molecules are bonded via an extra proton. In a trimer cluster the two
water molecules are attached to a H3O molecule symmetrically. In 4-mer the fourth water
molecule is attached to one hydrogen that was left free in trimer cluster. In mixed argon-
water clusters the argon atom in cluster is always attached to one of the outermost hydrogen
atoms. There are two isomers in 4-mer mixed clusters. In 5-mer protonated water clusters
there are six possible isomers. In net structures water molecules form rings of five or six
molecules. The H3O
+ molecule in net structures is often in the joint of rings in the cluster.
In cage structures H3O
+ molecule can be either in the center of the cage or in the surface
as can be seen from the figure 7c. [9, 27]
As in rare gas clusters in protonated water clusters magic sizes can be found. The
smallest magic numbers in protonated water clusters occur at cluster sizes of N=21, N=28
and N=30. [1]
2.4 Cluster formation in adiabatic expansion
In this thesis the clusters are formed in expansion of gas through a conical nozzle. A
formation of clusters is possible if the thermal energy of the gas is lower than the binding
energy in a dimer. The acquired thermodynamic non-equilibrium, for cluster formation,
is created is when the gas expanses from high gas pressure into the vacuum. A dimer,
the smallest possible cluster, is formed in a three-body collision. In the three-body collision
energy is released in bond formation. The cluster formation is presented in equation 15 where
A describes an atom or a molecule and B is the third partner that is needed to preserve
energy and momentum. The third particle B removes an excess energy (E) and therefore
stabilizes the formed dimer. In reaction equation 15 kinetic energy is E2 > E1. [1, 22]
A+A+B(E1) → A2 +B(E2) (15)
Furthermore, collisions between smaller clusters can lead to formation of larger clusters
as presented below, where N and M describe the number of atoms or molecules in the
cluster. [1]
AN +AM +B → AN+M +B
There are also different models proposed for cluster formation. In these models a cluster
can be formed in a two-body collision creating a temporary unstable cluster. The excess
energy released in bond formation is dissipated by inelastic collisions with a third particle.
[28, 29]
2.5 Cluster sizes and size models
2.5.1 Rare gas clusters
For argon and xenon, a size model for clusters produced via adiabatic expansion has been
proposed by U. Buck and R. Krohne [30]. In adiabatic expansion always a distribution
of different-size clusters is formed and therefore the model by U. Buck and R. Krohne
describes the mean cluster sizes ⟨N⟩. The width of the distribution is approximated to be
∆N = ⟨N⟩/2. In the model, a scaling parameter Γ∗ introduced by O. F. Hagena [31] is
used. The scaling parameter is experimentally determined, and it depends on expansion
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pressure p0, nozzle temperature T0 and equivalent diameter of the nozzle deq. In addition,
Kch is a constant derived for different elements. Equation for scaling parameter is presented





The size model created by U. Buck and R. Krohne is produced by bombarding argon
clusters by helium atoms and then measuring the angular dependency of the scattered
helium atoms. Angular distributions were measured as a function of stagnation pressure and
nozzle size. This study led to three different empirical formulas for different experimental
situations. When Γ∗ ≤ 350 formula 17 should be used according to the size model. Values
for the coefficients are a0 = 2.23 a1 = 7.00×10−3 a2 = 8.30×10−5 and a3 = 2.55×10−7. [30]
⟨N⟩ = a0 + a1Γ ∗+a2(Γ∗)2 + a3(Γ∗)3 (17)
When 350 ≤ Γ∗ ≤ 1800 formulae 18 and 19 should be used. Formula 18 is produced
by U. Buck and R. Krohne, but the formula 19 is from the O. F. Hagena’s model [31, 32].
U. Buck and R. Krohne suggests that formula 18 is to be used for cluster sizes ⟨N⟩ = 6 to













When Γ∗ ≥ 1800 U. Buck and R. Krohne suggest that formula 20 should be used. In
formula 20 the values for coefficients are b0 = −12.83 and b1 = 3.51. [30]
⟨N⟩ = exp(b0 + b1(lnΓ∗)0.8) (20)
The size model presented here is not necessary very accurate. For instance, there may
be some inaccuracies especially in the results where the used formula changes. However, the
model is useful to derive an approximation of the cluster sizes.
2.5.2 Water clusters
In the article Fragmentation and reliable size distributions of large ammonia and water clus-
ters by C. Bobbert et al. [23] a size model for neutral water clusters is derived. Even though
the model presented here is not particularly generated for mixed argon water experiments it
may give some idea of the size distributions of generated clusters. The size model is formed
by modifying O. F. Hagena’s [31, 32] scaling law. According to the model a key parameter
is presented to describe the flow in expansion through the nozzle in which the clustering





s = (f − 2)/4
(21)
In equation 21 n0 is source density, T0 nozzle temperature and d diameter of the nozzle.
Parameter q (0 < q ≤ 1) describes the speed of the flow. For larger diameter nozzles
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the flow is slower. In scaling parameter f is the number of energetically active degrees of
freedom. Parameter f appears in s, which is the axially symmetric flow. For water there are
3 translational and 3 rotational degrees of freedom. Therefore, for water f = 6. The value
for parameter s is calculated as s = (f − 2)/4 = (6− 2)/4 = 1. Now the scaling parameter





To expand the expression of the key parameter for different gases a reduced scaling
parameter must be derived. Reduced scaling parameter is presented in equation 23. [23]
Γ∗ = Γ/Kch (22)
In equation 23, parameter Kch depends on two constants rch and Tch. Values for water






After determination of the reduced scaling law the mean cluster sizes ⟨N⟩ for water







In equation 24, D and a are constants determined for water as 11.60 and 1.886, respec-
tively. In addition, value for q is 0.634. [23]
2.6 Ionization and fragmentation of clusters
In this thesis the studied clusters are ionized by electron impact. As an ionization method,
electron ionization is a high fragmentation method [33]. Collision between a high energy
electron and a cluster causes the cluster to get ionized and to break up to smaller fragments
[34]. The energy of the ionizing electron must be higher than the ionization energy [33].
There are several different ionization channels for electron impact ionization in production of
positive ions. The ionization process is very fast since the ejected electron leaves the atom
within 10−16 seconds. The possible dissociation of a cluster occurs after the ionization.
The ionization and fragmentation processes can be described in reaction equations where
AB describes the cluster, e is ionizing electron, es is the scattered electron, and ee is the
electron ejected from the cluster. A cluster can be singly, doubly, or multiply ionized and
the processes are shown in reaction equation 25, 26, and 27. [34]
AB + e → AB+ + ee + es (25)
AB + e → AB2+ + 2ee + es (26)
AB + e → ABz+ + es + z · ee (27)
The ionization may lead to a fragmentation in which the initial cluster dissociates into
two or more fragments. Possible fragmentation processes are described in reaction equations
28 and 29 for singly ionized cluster. In the fragmentation process described in equation 28
a positively charged and neutral fragment is formed whereas in process in equation 29 one
positively and one negatively charged fragment is formed. [34]
20
AB + e → A+ +B + es + ee (28)
AB + e → A+ +B− + es (29)
Correspondingly, doubly charged clusters can be decomposed in two different ways de-
scribed in reaction equations 30 and 31. In equation 30 doubly ionized cluster decomposes
into two singly charged fragments when in equation 31 cluster decomposes into one doubly
charged fragment and one neutral fragment. However, several studies show that doubly
ionized cluster decomposing to two singly charged fragment is much more abundant pro-
cess. [34]
AB2+ → A+ +B+ (30)
AB2+ → A2+ +B (31)
Ionization reactions can be classified into direct and indirect ionization processes. Direct
ionization processes are single ionization, double ionization, multiple ionization, dissociative
ionization and ion pair formation. The indirect processes are Auger process, autoionization,
and fragmentation. These ionization processes can be described in reaction equations where
AB describes the cluster, e is ionizing electron, es is the scattered electron, and ee is the
electron ejected from the cluster. In single ionization process the ionizing electron removes
one electron. The reaction equation for single ionization is written as in equation 25. [34]
If the energy of the ionizing electron is high enough to ionize the electron from the inner
shell, the ionization process is called core shell ionization [34]. However, the high ionization
energy does not necessarily mean that the inner shell is ionized. It is possible that the
ionization cross section may be higher for example for valence electrons [35]. Inner shell
ionization is different from the single ionization due subsequent electron transitions that
core shell ionization may cause. Inner shell ionization causes a core-hole into the ionized
atom and is therefore called a core-excited state. The two different stabilization mechanism
for excited-core-holes are fluorescence and Auger effect. Fluorescence occurs when the core
hole is filled by an outer shell electron and the energy is released by electromagnetic radiation
in the transition. In Auger decay, the energy released in filling the core hole, is given to other
outer shell electron. This so-called Auger electron is ejected from the system. Fluorescence
is more typical decay process for heavier elements and deep levels while the Auger decay is
preferable for light elements and shallow core holes. Reaction equation for Auger effect after
inner shell ionization is shown in equation 32, where eA describes the Auger electron. [34,36]
AB + e → A+ +B+ + es + ee + eA (32)
Electron impact may cause also excitations on clusters. When the excited state relaxes
the cluster can decompose into different fragments. In addition to previously presented
processes electron impact on clusters may also cause vibrations and rotations [34].
Fragmentation of clusters is not fully understood phenomena. The study of D. Bon-
hommeau et al. [37] determines the fragmentation dynamics of small argon clusters caused
by electron impact ionization. The study shows that the most abundant ionic fragments of
argon are Ar+ and Ar+2 when the cluster size n < 6. Trimer fragments Ar
+
3 appear the first
time at cluster size of n = 5.
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3 Measurements
This thesis focuses on the study of argon, xenon and mixed argon-water clusters via mass
spectroscopy measurements and ion-ion coincidence measurements. Size properties of the
clusters were studied as a function of ionization energy but also as a function on expansion
pressure. With xenon clusters traditional mass spectroscopy measurements were on focus.
For argon and argon-water clusters both mass spectroscopy and coincidence spectra were
measured. Measurements were carried out using a time-of-flight spectrometer.
In mass spectroscopy studies with the time-of-flight spectrometer, mass-to-charge ratio
(m/q) of ions is measured. Ions with different masses and charges have different flight times.
The heavier the ion the longer the measured flight time is. From the different flight times
the mass-to-charge ratios of the ions can be determined. [38]
In ion-ion coincidence studies two or more charged fragments in dissociation process are
detected. In this thesis triple coincidences are studied. In triple coincidences the original
cluster is fragmented in three or more parts but only three ions are detected. Due the
coincidence measurements it is possible to determine the fragments that originated from a
certain cluster. [39]
3.1 Measurement configuration
Clusters were produced in adiabatic expansion through a conical nozzle into the cluster
chamber. The length of the used nozzle is 5 mm, full opening angle is 40◦ and the diameter
of the nozzle is 20µm. During the measurements the temperature of the nozzle was circa
25◦C. The nozzle is attached to an electrical manipulator to align the nozzle and the cluster
beam towards the skimmer and interaction region. Nozzle is shown in figure 8. A skimmer
separates cluster chamber from a main chamber to maintain the pressure differences between
the chambers. Due to adiabatic expansion the cluster chamber is in a higher pressure
compared to the main chamber. Due to the spectrometer, it is important that the vacuum
in the main chamber is stable and low. It is ideal to keep the pressure under 10−5mbar. In
addition, skimmer is used to let through only the cluster rich beam.
Figure 8: Picture of the cluster source used in the experiments. The parts of the cluster
source are marked in the figure. The copper pipe in the figure is for adjusting the tempera-
ture of the nozzle during the measurements. However, in these measurements there was no
need for temperature adjustment.
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Electron gun is aligned so that the interaction region, the intersection point of electron
and cluster beam, is in the middle of the extraction region of the time-of-flight spectrometer.
The cluster and electron beams are at 90◦ angle with respect to each other. The electric field
in the interaction region causes the positively charged ions to fly to the detector through
the time-of-flight spectrometer. In mixed argon-water measurements a water container was
added before the nozzle. Water evaporates from the container and mixes with the argon gas
that was used as a carrier gas. The schematic picture of the measurement configurations is
presented in figure 9.
Figure 9: Measurement configuration used in this study. The water container is used only
in the water-argon measurements.
3.2 Electron gun
In cluster ionization SPECS electron gun EQ 22/35 was used. The filament of the electron
gun is heated to eject electrons. Ejected electrons are accelerated by a high voltage (HV)
between the filament and an anode. By adjusting the voltage, the kinetic energy of the
electrons in the beam can be determined. Detailed technical information of the used electron
gun can be found in [40] and [41].
3.3 Time-of-flight spectrometer
The used mass spectrometer is time-of-flight spectrometer built in University of Oulu. The
model of the spectrometer is Wiley-McLaren time of flight spectrometer presented in detail
in [42].
3.3.1 Structure of spectrometer
A time-of-flight spectrometer consists of an extraction region, an acceleration region, and
a drift region. At the end of the spectrometer there is a position sensitive detector. Due
to the position sensitive detector, the momenta of the ions can be determined via this
spectrometer. [43]
In the extraction region the electron beam interacts with the cluster beam. Extraction
region consists of a repeller plate and an attractor mesh. The repeller plate has a hole in
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the middle for cluster beam which is parallel to the spectrometer axis. The potential in the
outer repeller plate is positive while the inner grid is in ground potential. The potentials
are selected to create an electric field that causes positive ions to fly through the analyzer
towards the detector. From the extraction region ions fly to the acceleration region. In the
acceleration region ions are further accelerated into several keV. Such a high kinetic energy
is necessary to ions to be properly imaged in the detector. In addition, the keV energy of
ions is required for MCP to form a signal. [43]
Acceleration region consists of a single HV-circuit. In the circular aluminum rings are
connected serially with resistors between composing a cylindrical tube. The aluminum
rings functioning as electrodes together with the resistors of several MΩ form a potential
chain, which forms a strong homogenous electric field inside the rings. Insulators are placed
between the aluminum rings to prevent any electric contact. The length of the acceleration
region is approximately 94 mm. [43]
From the acceleration region ions fly through the drift tube towards the detector. The
purpose of the drift tube is to lengthen the time of flight to achieve a reasonable resolution.
The drift tube is in a constant potential. Therefore, there is no electric field in the tube and
ions can fly freely through it. The length of the drift region is approximately 664.5 mm.
When the ions fly into the drift tube, they fly through an electrostatic lens element that
is used for focusing. The lens element consists of an aluminum ring in high voltage. This
causes a phenomenon that can be used to focus the ions towards the detector. Electrostatic
lens is a significant tool especially for angle resolved experiments. [43]
3.3.2 Theoretical flight times
The whole flight time of an ion can be described as a sum of the times the ion spends in
different regions of the spectrometer. Equation 33 describes the total flight time of the
measured ion T , where TER is the time the ion is in extraction region, TAR is the time the
ion spends in the acceleration region, and TDR is the time the ion is in the drift tube. [43]
T = TER + TAR + TDR (33)
The ions that are going to be measured are created in the extraction region. The length
of the whole extraction region is LER. The distance to the inner grid from the place of
fragmentation is described as s. In electron bombardment ions get initial kinetic energy
E0 which affects the final flight times. In addition, the direction of the movement after
the bombardment is must be taken to account. The angle between the detector and the
initial velocity of the ion after fragmentation is described as θ0. Using kinematics, Newton’s
second law ΣF = ma, Coulomb’s force F = qE, and kinetic energy E = 12mv
2 the total
flight time of equation 33 can be calculated from the geometry and potential settings of the
spectrometer, and initial kinetic energy and emission angle of the ion with a mass m and
charge q. F is the force the ion experiences, a is the acceleration, E is the strength of the




































In equations 34, 35 and 36, ETOT is the total energy the ion gains in the spectrometer.
EER and EAR are the gained energies in extraction and acceleration regions. Ez is the
initial energy parallel to electric fields in the spectrometer. [43]









































An approximation can be made for the equation 38. For mass spectroscopy data analysis,
the equation presented below is sufficient for assigning the peaks from the mass spectra. In
equation 39 Tm is the approximate time of flight for ions fragmented into different angles,






Constants A and C can be determined by using the flight times, charges, and masses of
two known peaks deduced from the spectra. Then the constants A and C can be determined
from the formed equation pair. [43]
3.3.3 Detector
The detector used in measurements is a HEX75 MCP/DLA-detector by RoentDek. To
detect a single particle, microchannel plates (MCP) are used. Microchannel plates are
made of highly resistive material with small microchannels going through the plate. When
the measured ion collides to the inner wall of a microchannel, an electron is released from the
wall. Due the electric field applied the electrons are accelerated and therefore cause more
ionizations on their way through the MCP. Behind the MCP an electron cascade arrives to
the delay line anode. [44]
A delay line anode (DLA) is the part of the detector for positional analysis. DLA
is constructed from planar copper wires set on the top of each other at different angles.
Crossing copper wires form a plane to detect the positions of the ions. When the electron
avalanche collides to a delay line it creates an electric signal. The place of the impact is
determined by measuring the time difference between signal’s arrival times in both ends of
the wire. The XY-position is determined from the intersection of the two different delay
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lines. The detector used in this thesis consists of three delay lines. The third one is used
to improve reliability of the results. Details of the used detector can be found from MCP
Delay Line Detector Manual [44]. [43, 44]
3.3.4 Operation of the spectrometer
The used time-of-flight spectrometer has two function modes that can be applied for different
kind of purposes: a constant field mode and a pulsed field mode. In this thesis the constant
field mode was used in coincidence measurements while the pulsed field mode was used in
traditional mass spectroscopy measurements. [43]
In pulsed field mode the voltage in the extraction region is pulsed with a high voltage
pulser. Pulsed field mode was required in these experiments to determine the start of flight
times of the ions. The end of the flight times is determined when the ion collide to the
detector. Pulsed field in the extraction region enables a constant beam of electrons for the
ionization. [43]
In the constant field mode, all the voltages in the time-of-flight spectrometer were kept
constant. When the electron beam and the voltages in the spectrometer are constant the
start time for flight times cannot be detected. In constant field mode the spectrometer
measures the differences between the flight times of the fragments but does not determine
absolute time-of-flights. Ions with different m/q have different flight times and the ion pairs
can be assigned by measuring the flight time separation. [43]
3.3.5 Alignment
In each measurement the nozzle was aligned by using the electric manipulator and measuring
the pressure in the main chamber. In addition, the count rate in the detector was used in
alignment. When the maximum of the pressure was found in the main chamber then the
nozzle was in the best possible place with respect to the skimmer. When the nozzle is
aligned with respect to the skimmer, the maximum amount of clusters are getting into the
main chamber which causes the pressure to grow.
The electron gun is to be aligned for each used energy separately. In electron gun align-
ment, the maximum amount of counts in the detector was used as a measure of alignment.
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4 Data analysis and results
The measured mass spectra are analyzed by assigning the peaks. The absolute peak areas
are determined and used to calculate relative abundancies between separate peaks. Detailed
information of the measurements and used spectrometer is presented in chapter 3.
4.1 Xenon clusters
Xenon clusters were studied via three different measurement series. One series was measured
as a function of expansion pressure and two of the series as a function of ionization energy
with different expansion pressures. All the spectra were measured in the pulsed field mode.
4.1.1 Pressure dependency
The first series was measured as a function of expansion pressure while the electron energy
for ionization is kept constant at 4000 eV. Pressure values in the measurements were 2.0, 3.0,
4.0, 5.0, 6.0, 7.0, 8.0, and 9.0 bar. Theoretical sizes for the clusters with different expansion
pressures are calculated according to the model derived by U. Buck and R. Krohne [30]
presented in section 2.5. Theoretically calculated cluster sizes are presented in the Table 4.
Table 4. Mean xenon cluster sizes as a function of pressure according to
U. Buck and R. Krohne model
Pressure 2.0 bar 3.0 bar 4.0 bar 5.0 bar 6.0 bar 7.0 bar 8.0 bar 9.0 bar
Cluster size 15 29 46 67 90 160 220 290
In the calculated cluster sizes, there is a relatively large gap in the sizes between pressure
6.0 and 7.0 bar. This is due the fact that the calculation formula changes. According to
model the cluster size increases more steeply at higher pressures.
The whole xenon cluster spectra for each expansion pressure are presented in the figure
10. As can be seen from the figure 10, the structure of the spectra is bimodal. Different
parts of the spectra A, B and C are labeled in the figure. Figure 11 shows the differences in
dimer, trimer, 4-mer, 5-mer, and 6-mer peaks between different spectra more closely, and
part C of the spectra is shown in figure 12. A size distribution of spectral part A is presented
in detail in figure 13.
Part A of the spectra represents the small fragments originated from the clusters. Flight
times for the largest fragments in part A are around 50 × 103ns. For pressures 5.0 to 9.0
bar peaks up to 13-atom cluster can be recognized from the spectra. For pressures 2.0, 3.0,
and 4.0 bar larger fragments can be recognized up to 25, 20, and 17 atoms as can be seen
from the figure 13. The lower the expansion pressure the larger fragments are seen in the
spectra in part A. The trend may be due the changes in initial cluster sizes. At smaller
pressures there are only small clusters to be ionized in the cluster beam. At higher pressures
the cluster beam may include clusters over 290 atoms. In smaller clusters the whole range
of the sizes in the cluster beam is seen whereas at higher pressures the part A shows only
the small fragments dissociated from the larger initial cluster. In higher pressures the 13-
atom fragment may be the largest fragment that is possible to dissociate and detect from
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the initial cluster. At lower pressures the fragment sizes over 13 atoms are probably from
clusters that are singly ionized but are not fragmented in the process. The beginning of
part A is presented more closely in figure 11.
Figure 10: Time-of-flight spectra of xenon clusters. All the measured xenon spectra are
scaled with respect to the dimer peak. Different parts of the spectra are labeled in A, B
and C.
Figure 11: Relative changes between dimer, trimer, 4-mer, 5-mer, and 6-mer peaks at
different expansion pressures.
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Figure 12: The structure of the spectra at higher flight times. Spectra shown above corre-
sponds to part C presented in figure 10.
From the figure 11 the changes in relative abundancies between dimer Xe+2 and trimer
Xe+3 peak intensities can be seen as the expansion pressure changes. The lower the expansion
pressure the bigger the dimer peak is with respect to the trimer peak. In fact, dimer peak
is larger than trimer peak only in the spectra measured using the pressure 2.0 and 3.0 bar.
For higher pressures trimer peaks are bigger than dimer peaks. This same feature can be
seen even more clearly from the figure 13. In addition, as the fragment size increases the
intensity of the peak decreases as can be seen from both the figures 11 and 13.
According to the size models, high expansion pressure corresponds to the higher cluster
size [30]. Therefore, the chart 13 suggests that the larger the initial clusters are the higher
the relative abundancies with respect to dimer peak are for a given fragment. This can




8 , in which always the peak corresponding to
the highest pressure has the highest relative intensity. In other words, for lower pressures
the relative contribution from dimers is relatively higher. However, this is not absolute. In








12 the relative maximum corresponds pressures 5.0
and 6.0 bars. The inconsistencies to the trend may be due the certain initial cluster size
and the fragmentation process. Perhaps the structures at 5.0 bar and 6.0 bar pressures are
favorable for dissociating into 5-, 9-, 10-, 11-, and 12-atom fragments. However, the more
probable reason for the inconsistencies may be the inaccuracies in the fitting.
As the expansion pressure grows the size of the formed clusters should grow according to
the size models presented in chapter 2.5 [30]. This is the case also in the measured spectra
here as can be seen from the figures 10 and 13. The change in dimer-trimer relation as a
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function of expansion pressure suggests that the cluster size indeed grows as a function of
pressure.
Part B in the spectra shown in figure 10 describes the low intensity part. From part B
clear cluster peaks could not be separated. The length of the B part depends clearly on the
expansion pressure and therefore the cluster size. The length of the B part increases as the
expansion pressure increases. A wide feature at the end of the spectra is labeled as C in the
figure 10. From this spectral part individual peaks cannot be recognized. However, there
are several features that change as a function of pressure.
Figure 13: A chart describing relative areas of the fitted peaks from the original cluster
spectra. All spectra are scaled respect to the dimer. For pressures 2.0 and 3.0 bars, the
dimer peak is the highest, while for pressures 4.0 to 9.0 bar the trimer peak has the highest
intensity. As the expansion pressure increases more abundant a given fragment is with
respect to the dimer.
As the expansion pressure increases the intensity of the wide feature increases. In addi-
tion, the feature is wider at higher expansion pressures, thus the ends of the wide features
are not seen completely for the pressures 3.0 to 9.0 bar. As the expansion pressure decreases
the intensity maximum for the peak is found at shorter flight times. In figure 12 the changes
in the C part of the xenon spectra can be seen more clearly.
The bimodal structure in the spectra is quite interesting. Therefore, the next calculation
is derived to ensure the maximum fragment sizes that are possible to detect in the xenon
measurements in question. The positive pulse length in extraction region was 5.5µs and the
voltage 455 V. The maximum sized cluster fragment that can leave the extraction region in
5.5µs, and reach the detector, can be calculated using equation 34. Approximations such as
to set initial kinetic energy at zero are made. Now the calculation for maximum fragment
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size that reaches the acceleration region is presented below. Relation EER = q∥
−−→
EER∥LER =
qVER is used in calculations, where VER is the potential across the extraction region and





(5.5µs)2 · 1.602× 10−19C · 455V
2 · 0.008m · 0.016m
= 8.613× 10−24kg (40)
The result above corresponds to fragment Xe+40, so the length of the pulse in the ex-
traction region does limit the possible larger fragments to arrive to the detector. After the
positive pulse a 201µs and 120V negative pulse is applied. Since the voltage of the negative
pulse is lower compared to the positive pulse, some ions may get through the extraction re-
gion during the negative pulse. These ions may be seen at longer flight times and therefore
cause the bimodal structure seen in part C. The wide feature in part C can also be some
equipment related artefact.
4.1.2 Energy dependency
Two measurement series were measured as a function of ionization energy with two different
pressures. At 6.0 bar pressure spectra using 5000, 600, 180, and 120 eV ionization energies
were measured. At 1.5 bar pressure measurements were done using the ionization energies
of 5000, 4000, 800, 180, and 120 eV. At 6.0 bar pressure the theoretical cluster size is 90
atoms and at 1.5 bar spectra the theoretical size is 9 atoms according to U. Buck and R
Krohne [30]. Measurement series for both pressures are presented in whole in the figures 14
and 17.
Figure 14: Time of flight spectra of xenon clusters at ionization pressure 6 bar. In figure
14, the whole spectra are presented. The structure of the spectra is bimodal.
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The structure of the spectra in figure 14 is bimodal. As was stated in section 4.1.1 the
wide feature in the spectra is not a correct cluster related result. The spectra are relatively
similar on flight times under 50 × 103ns.
In figure 15 dimer, trimer and 4-mer peaks are examined more closely. Peaks are scaled
to the dimer peak. Spectra measured using 5000 and 600 eV ionization energy are very
similar and differ from the spectra of 180 and 120 eV energies. This is a consequence of
the ionization threshold energies in xenon atom. Significant ionization thresholds for xenon
atoms respect to chosen ionization energies are for 2p3/2 shell 4786 eV, 4s shell 213.2 eV,
4p1/2 146.7 eV and 4d3/2 69.5 eV [35,45]. In the study of A. N. Arseniev [46] xenon clusters
are studied in a supersonic beam under electron ionization. According to A. N. Arseniev et
al. there are no bimodal structure in the xenon spectra. In their study the peak intensity
in the mass spectra decreases as the cluster size increases. [46]
Figure 15: Time-of-flight spectra of xenon clusters at expansion pressure of 6.0 bar concen-




4 peaks from the spectra presented in whole in
figure 14.
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Figure 16: A chart describing the measured relative intensities of the cluster peaks from
the spectra 14. Peaks are scaled to dimer peak. Within a given fragment, the relative peak
intensities increase as the ionization energy decreases. However, there is exceptions to the
trend in 10-mer, 12-mer and 13-mer peaks, where the intensities from 5000 eV spectra are
higher than the intensities from 600 eV spectra. In addition, the peak intensities decrease
as the fragment size increases.
In every spectrum, a dimer peak is smaller than a trimer peak. At small energies 180 and
120 eV the relative difference between the dimer and trimer peaks is bigger than at higher
energies. At 180 and 120 eV spectra the 4-mer peak is relatively higher than in 5000 and
600 eV spectra. Also, the double peak differentiates more strongly in the lower ionization
energy spectra. The relations between dimer, trimer and 4-mer peaks are shown also in
figure 16.
For higher ionization energies the intensity of the wide feature is lower as is shown in
figure 14. The intensity maximum in 120 eV spectra is in lower flight time than the intensity
maximum in 180 eV spectra. In figure 16 the measured peak areas of the spectra 14 are
shown. In each spectra the trimer peak is the highest peak as was seen also from the figure
15. In 120 eV spectra also 4-mer peak is larger than the dimer peak. Apart from the
dimer peak, the peak area decreases as the fragment size increases. However, some small
inconsistencies can be seen from 8-mer, 9-mer and 10-mer peaks. The inconsistencies are
that small that they may be due the fitting error.
The trend in 5000 and 600 eV spectra is very similar even though the difference in
ionization energy is relatively large. The differences in peak intensities between 180 and
120 eV spectra are relatively larger even if the ionization energy difference is smaller. The
smaller the ionization energy the larger the relative abundancies are for a given fragment.
At higher ionization energies, there are relatively more smaller fragments. Presumably,
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the lower ionization energy causes less fragmentation, while higher ionization energy causes
clusters to fragment into smaller fragments.
Figure 17 shows the spectra measured at 1.5 bar pressure. The structure of the spectra
is bimodal. At flight times under 50× 103ns strong and narrow cluster fragment peaks are
seen when for longer flight times a wide feature is measured as in the spectra presented
before. Compared to series measured at 6.0 bar pressure, at 1.5 bar pressure the series is
more uniform.
In figure 18 dimer, trimer and 4-mer peaks of the spectra 17 are shown in detail. In each
spectra the dimer peak is the highest peak. The high intensity of the dimer peak could be
due the fact that in 1.5 bar pressure the formed clusters are very small [30]. If the formed
clusters are small, the fragments caused by electron impact are also small. The intensity
difference between dimer and trimer peak decreases as the ionization energy decreases. For
4-mer peaks the same trend can be recognized.
In figure 19 the peak intensities of the spectra, shown in figure 17, are presented in detail.
As was already seen from the figure 18 the highest peak in every pressure is the dimer peak.
As the size of the fragment increases the peak intensity decreases. However, the 14-mer
and 15-mer peaks are exceptions for that trend. These may be due the fitting errors since
the error is relatively small. In addition, from the figure 19 can be seen that the relative
abundancy increases as the ionization energy decreases for a given fragment. Although the
spectra measured at 800 eV ionization energy is not in line to other results. This may be
due a measurement error.
Figure 17: The whole measurement series of xenon at 1.5 bar pressure is shown. The
structure of the spectra is bimodal.
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Figure 18: Dimer, trimer, and 4-mer peaks of the spectra presented in figure 17 are shown
in detail. The peaks are scaled to dimer peak. As the ionization energy decreases the double
peak effect gets stronger. For higher ionization energies the relative difference between dimer
and trimer peak is bigger.
Figure 19: A chart to describe the relative abundancies calculated from the spectra 17 for
a given fragments. The abundancies are scaled with respect to the dimer peak, which is set
to 1.
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4.1.3 Double peaks in xenon spectra
In the xenon cluster spectra, a clear double peak structure can be seen as in figures 11, 15
and 18. The double peak structure is clearer for larger fragments. In the dimer peak the
double peaks overlap strongly. Also, for lower ionization energies the double peak structure
is stronger as can be seen from figures 15 and 18.
(a)
(b)
Figure 20: Theoretically calculated peaks to simulate the isotope distribution in xenon
clusters compared to experimentally measured peak. In figure 20a the theoretical and ex-
perimental dimer peaks are presented when figure 20b describes similarly the theoretical
and experimental trimer peaks.
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The double peak structure could be explained by the large amount of xenon isotopes.
Therefore, a theoretical isotope distribution was calculated to dimer and trimer peaks using
the relative probabilities and masses for each 9 isotopes of xenon [45]. In the model every
possible isotope combination was formed, and their masses calculated. Also, probabilities
for each combination were calculated using the natural abundances given in literature [45].
Using the masses of the isotopes theoretical flight times were calculated using the formula
39. Via theoretical flight times and cluster abundance probabilities, a theoretical peak was
formed for xenon dimer and trimer as convolution with a Gaussian 100 ns FWHM. The
resolution of the spectrometer determines the used width 100 ns FWHM in calculations.
Theoretical results are presented in the figures 20a and 20b.
From both figures 20a and 20b it can be seen that the shape of the peak does not corre-
spond to experimental shapes of dimer and trimer peaks. The theoretical and experimental
peaks are plotted in same figure for comparison. Therefore, it is possible that the double
peak structure cannot be explained by xenon isotopes.
Figure 21: The double peak comparison in xenon monomer at three different pressures.
Spectra measured at 6.0 and 9.0 bar pressure have clusters, while the spectra measured at
1.0 bar pressure does not have clusters. The differences in double peak structure in the
spectra are pointed out in circles.
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It is important to solve whether the double peak structure is at all cluster related phe-
nomena. It is possible is that the double peak structure is just some artefact caused by
measurement equipment. In figure 21 a singly charged xenon monomers Xe+ at different
expansion pressures are shown. The spectra measured at 6.0 bar and 9.0 bar pressure in-
clude clusters when the spectra of 1.0 bar pressure have no clusters. The spectra for xenon
monomer at pressures 6.0 and 9.0 bar are similar and the double peak structure is possible
to detect also from the monomer peak. The spectra measured at 1.0 bar pressure differs
from the other two, because the double peak structure cannot be seen. This result could
indicate that after all the double peak structure is some cluster related feature. However,
anything sure cannot be said since the statistics in 1.0 bar spectra is worse compared to 6.0
and 9.0 bar spectra which may naturally affect to the results. The possible cluster related
double peak structure could be a cause of the differences in the fragmentation processes.
Possibly the fragmentation process may affect to the initial energies of the fragments that
can be seen in a double peak structure in the spectra.
4.2 Argon clusters
For argon, four mass spectroscopy measurement series were measured. Two of them were
measured as a function of expansion pressure at constant ionization energy when the other
two were measured as a function of ionization energy at constant expansion pressure. In
addition, triple ion coincidence measurements were measured for argon at two different
expansion pressures. In comparison to xenon cluster spectra a bimodal structure is not seen
from argon spectra.
Theoretically calculated cluster sizes for argon clusters at different pressures used in
measurements are presented in Table 5. Sizes are calculated using the model derived by U.
Buck and R Krohne [30].
Table 5. Mean argon cluster sizes as a function of pressure according to
U. Buck and R. Krohne
Pressure 3.0 bar 4.0 bar 4.4 bar 5.0 bar 6.0 bar 6.6 bar 6.8 bar
Cluster size 13 23 28 38 58 73 79
For argon the maximum fragment size that can be properly measured can be calculated
in a same way as for xenon clusters. The positive pulse length in extraction region was





(4.5µs)2 · 1.602× 10−19C · 349V
2 · 0.008m · 0.016m
= 4.423× 10−24kg (41)
The result above corresponds to fragment Ar+66. The result means that the length of the
positive pulse limits the measurements of only the largest of fragments.
4.2.1 Pressure dependency
Pressure dependency in argon clusters was studied using 3.0, 4.0, 5.0, 6.0, and 6.8 bar
expansion pressures. One series was measured at constant ionization energy of 4000 eV and
the second series was measured at constant ionization energy of 20 eV.
Spectra showing pressure dependency at 4000 eV ionization energy is presented in figure
22. The spectra measured in different pressures are relatively similar. Only the spectra of
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3.0 bar pressure differs significantly from the other. However, the largest difference is found
in the shape of the background. In spectra of 3.0 bar pressure the background rises as the
flight times decreases. In addition, some background peaks are seen only from the 3.0 bar
spectra.
In figure 23 the peak intensities are presented with scaling to the dimer peak. Small
differences can be seen between the spectra of different pressures due to data fitting. In
the figure 23 the fragment size increases as the peak intensity decreases. The decrease of
peak intensity between dimer and trimer peaks and trimer and 4-mer peak is very steep.
However, the decrease of peak intensities from 5-mer peak to 24-mer peak is gentle. 15-mer
peak and 20-mer peaks are relatively lower to neighbor peaks. The largest peak in every
spectrum is the dimer peak.
Figure 22: Argon clusters measured as function of expansion pressure at constant ionization
energy of 4000 eV. The peaks are scaled to the dimer peak. The differences between 6.8
bar to 4.0 bar spectra are so small that they cannot be detected straight from the spectra.
Relative peak intensities are presented in figure 23 for more accurate review.
As was already seen from the figure 22, the 3.0 bar spectrum differs from the other
spectra. The same feature is seen also from the chart 23. The peak intensities in 3.0 bar
spectra are relatively more intense compared to other pressures. All in all, as the expansion
pressure increases the relative peak abundancies with respect to the dimer decrease for a
given fragment. Interestingly this does not apply to trimer peak. The peak intensities of
trimer peak in different pressures are almost equal in every pressure.
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Figure 23: Relative abundancies of argon cluster fragments of original spectra 22.
Figure 24: The spectra of argon clusters measured as a function of expansion pressure at
constant ionization energy of 20 eV. The spectra are scaled to dimer peak. Spectra 3.0 and
4.0 bar are quite like each other when the spectra 5.0, 6.0, and 6.8 bar remind of each other.
These same results can be seen also in the calculated chart presented in the figure 25.
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The figure 24 presents the original spectra of the measurements as a function of pressure
at constant ionization energy of 20 eV. The comparison between spectra of different pressures
is rather difficult due the large differences between backgrounds. In addition, the peaks in
every spectrum are very low. Spectra measured using expansion pressures 3.0 and 4.0 bar
are relatively uniform when the spectra measured at pressures 5.0, 6.0, and 6.8 bar are
similar. The largest differences between lower- and higher-pressure spectra are in the shape
of the background and peak intensities. In pressures 3.0 and 4.0 bars the peak intensities
and the changes in background are more intense compared to higher pressures.
Peak areas of the spectra 24 are shown in figure 25. The chart shows the relative peak
areas. For easier comparison, the peaks are scaled to dimer peak. In every pressure the
dimer peak is the highest peak. So as the size of the fragment increases the peak intensity
decreases. Although there are many exceptions to that trend: 4-mer peak is higher than
trimer peak, 10-mer peak is small compared to neighbor peaks, and 21-mer peak is higher
compared to neighbor peaks. In addition, the calculations confirm the same feature that was
already seen from the spectra 24. The 3.0 and 4.0 bar results are uniform and differ from
the spectra measured at pressures 5.0, 6.0, and 6.8 bar. In addition, the peak abundancy
decreases as a function of a increasing pressure for a given fragment.
Figure 25: Relative abundances of argon cluster fragments as a function of a pressure at
constant ionization energy of 20 eV.
The trends that can be found from spectra of 4000 and 20 eV are similar. In both series
the peak intensity decreases as the fragment size increases. However, there is a lot more
inconsistency in the results of 20 eV spectra compared to the results of 4000 eV spectra.
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The irregular results measured at 20 eV ionization energy suggest that the electron gun
does not necessarily work properly at low energies. In addition, as the expansion pressure
increases the more abundant a given fragment is with respect to the dimer peak. This
result can be interpreted to mean that either larger clusters produce smaller fragments,
or the large fragments are neutral or negatively charged and therefore are not seen in the
spectra. According to size model by U. Buck and R. Krohne [30] the cluster size increases
as a function of expansion pressure as was stated before. Therefore, the presumption is that
as the initial cluster size increases the fragment size should increase too. However, for argon
the result is exactly opposite.
4.2.2 Energy dependency
The ionization energy dependency in argon clusters was measured at two different expansion
pressures of 4.0 and 6.8 bar. For 6.8 bar pressure the used ionization energies were 300, 200,
and 20 eV, when for 4.0 bar pressure 300, 200, 70, and 20 eV spectra were measured.
Figure 26: Argon cluster measurements as a function of ionization energy. The peaks are
scaled to dimer peak. Spectra of 20 eV has smaller trimer peak compared to 300 and 200
eV spectra. In every spectrum there are differences in the background.
In figure 27 the original spectra measured at 6.8 bar pressure are presented. The spectra
measured using 300 and 200 eV are more similar in comparison to spectra measured at
ionization energy of 20 eV. The spectrum of 20 eV lacks almost completely the trimer peak
when the spectra of 300 and 200 eV the trimer peak is the second highest. In addition, there
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is a difference in the shape of the backgrounds. In 20 eV spectra the background descends
the deepest. The flattest background is in the spectra of 200 eV. From 20 eV spectra clear
background peaks can be seen.
The chart in figure 28 describes the peak intensities of the original spectra shown in figure
27. Peak areas in 300 and 200 eV spectra are very similar but differ from 20 eV spectra.
For a given fragment, as the ionization energy increases the relative abundancies decrease
with respect to dimer peak. However, there is quite many peaks where the area from 200
eV spectra is lower compared to 300 eV peak. In addition, in trimer and 5-mer peaks the
20 eV -peak is the lowest. In every spectrum in chart 28 the dimer peak is the highest
peak. The fragment size increases as the peak area decreases. However, there are many
irregularities to that trend. The lowest peak in 20 eV spectrum is 20-mer peak. 13-mer
peak is also high in comparison to neighbor peaks when the 10-mer peak is relatively low.
In the 200 eV spectra the peak height decreases without irregularities. In 300 eV spectra
there is irregularities to be seen is 5-mer, 6-mer, 7-mer and 8-mer peaks. Also 20-mer peak
at 300 eV is high compared to 20-mer peak at 200 eV peak.
Figure 27: Argon cluster measurements as a function of ionization energy. The peaks are
scaled to dimer peak. Spectra of 20 eV has smaller trimer peak compared to 300 and 200
eV spectra. In every spectrum there are differences in the background.
In figure 29 the original spectra of the measurements at constant expansion pressure
of 4.0 bar is presented. Spectra measured using ionization energy of 300 and 200 eV are
very similar when the spectra measured at ionization energy of 70 and 20 eV have the same
43
shape. As in the spectra measured at 6.8 bar expansion pressure presented in figure 27
the same background shape can be seen in the spectra measured using 4.0 bar expansion
pressure. The background decreases steeper in energies 20 and 70 eV. The background in
higher ionization energies 200 and 300 eV is flatter. However, the background in 300 eV
spectra is stronger compared to 200 eV spectra. These are the same features that were
found also from the spectra measured at 6.8 bar pressure.
Figure 28: A chart describing the peak intensities of argon clusters at 6.8 bar pressure as a
function of ionization energy.
A chart in figure 30 presents in detail the peak intensities of the spectra presented in
figure 29. The results in the chart 30 confirm the similarities between 20 and 70 eV spectra
and the similarities between the 200 and 300 eV spectra. In chart 30 for a given fragment the
peak intensity increases as the ionization energy decreases. Also, the peak area decreases as
the fragment size increases. These are the same phenomena that was found also in the chart
28. For both 6.8 and 4.0 bar pressures the trimer peak is lower than 4-mer peak at energies
20 and 70 eV. At energies 200 and 300 eV the decrease in the peak height as a function
of increasing cluster size is consistent. In energies 20 and 70 eV there is irregularities for
decreasing peak heights. In 70 eV spectrum there are inconsistencies in trimer, 5-mer, 6-
mer, 7-mer, 8-mer, 9-mer, 10-mer, 11-mer and 12-mer peaks. The same peaks in 20 eV
spectrum are irregular. In every energy the lowest peak is the 20-mer peak.
The results in measurements using 6.8 and 4.0 bar expansion pressures are very coherent.
The largest difference between the measurements is the relation between the dimer peak to
other peaks. Clearly in the results presented in figure 29 and 30 the relative height of dimer
peak is lower compared to the relative height of the results presented in figures 27 and 28.
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Figure 29: Argon clusters measured as a function of ionization energy at constant 4.0 bar
pressure.
Figure 30: A chart of the calculated peak intensities of argon clusters at 4.0 bar pressure as
a function of ionization energy.
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4.3 Coincidence measurements
In coincidence measurements for argon clusters the fragments of same ionization process are
detected. In figures 31 and 32 the measured coincidence maps are shown. Both spectra are
measured using 4000 eV electron impact ionization at different pressures of 4.4 bar and 6.6
bar. The coincidence map measured at 6.6 bar is presented in figure 32 and for 4.4 bar in
figure 31. The intensity of the peak (the number of counts) is described in color. The higher
the intensity the more red the peak is. The lowest intensity is marked with dark blue. The
scale is logarithmic.
In both maps there are several different peak series. These series are found at constant
flight time separation of the first and second fragment but increasing flight time separation
of the second and third peak. The peaks are recognized and marked in the coincidence maps
31 and 32. In the 4.4 bar spectra the lower number of counts is due the shorter measurement
time.
In figure 31 seven different series are found. In y-axis there are three different series
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are found. In the series N1x = 1, 2, 3, ..., N2x =
3, 4, 5, ... and N3x = 2, 3, 4, .... The series found in the map continue outside. However,
the intensity of the peaks outside the map is relatively low. The most intensive peaks in
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is Ar+Ar+2 Ar
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3 . In addition, there are four peak series in which the first ion is doubly
charged argon monomer Ar2+.
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, where M1x = 1, 2, 3, ..., M2x = 3, 4, 5, ... and M3x = 2, 3, 4, ... . These
are the same series that were found in coincidence map 31. The differences between the
peaks are in the intensities. In spectra 32 the series are more intense and therefore more
peaks of the series can be recognized. This is due the difference in the number of counts
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In addition, in both spectra the most intensive peak is the corner peak at zero flight time
separation. When the flight time separation between first and second ion and second and
third ion is zero, all the ions measured are identical.
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Figure 31: Coincidence map of argon clusters measured at 4.4 bar expansion pressure at
4000 eV ionization energy. Theoretical average cluster size for argon cluster at 4.4 bar
expansion pressure is 28 atoms. Due to the constant field mode the flight times are relative
flight times. In x-axis the flight time separation of the first and second ion is detected. The
flight time separation in y-axis is presented between the second and third fragment. In the
x-axis the separation of second and third fragment is zero, which means that the second and
third fragment detected are identical. Correspondingly in y-axis the first and the second
fragment are identical and therefore the flight time separation is zero.
47
Figure 32: Coincidence map of argon clusters measured at 6.6 bar expansion pressure at
4000 eV ionization energy. Theoretically calculated cluster size for argon clusters at 6.6 bar
pressure is 73 atoms.
4.4 Mixed argon-water cluster experiment
Mixed argon-water measurements were measured as a function of expansion pressure at
constant ionization energy of 4000 eV. The change of the spectra was measured at 3.2, 4.0,
5.0, and 6.0 bar pressures. From the spectra, in addition to mixed argon-water clusters,
also pure argon clusters and protonated water clusters were recognized. Also, dimer and
trimer peaks of pure water clusters were found. However, these peaks were minor and are
therefore not studied more closely in this thesis. The original spectra of mixed argon-water
experiments are shown in figures 33 and 34.
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Figure 33: The spectra of mixed argon-water experiments at 4000 eV ionization energy. The
peaks are scaled to [H2O]2H
+ peak. The 3.2 bar spectrum is presented independently due





are marked into the spectra.
Figure 34: The spectra of mixed argon-water cluster measured at 3.2 bar pressure. Peaks
are marked to the figure. The mixed argon-water cluster peaks at this pressure are quite
questionable. More statistics should be measured to derive more certain results.
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Figure 35: Differences between absolute peak intensities at 6.0 bar pressure in protonated
argon-water experiments.
Figure 36: Differences between absolute peak intensities at 5.0 bar pressure in protonated
argon-water experiments.
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Some of the peaks in longer flight times in the spectra were superimposed which natu-
rally complicated the data analysis. Therefore, there may be some errors in the analysis.
Especially the analysis of the mixed argon-water peaks was not unambiguous, and interpre-
tations were made. The mixed argon-water cluster analysis was left out at the pressure of
3.2 bar due the poor statistics. However, the statistics was good enough for argon and pro-
tonated water cluster analysis. In addition to mass spectroscopy measurements, also triple
ion coincidence spectra were measured for mixed argon-water clusters. The used ionization
energy was 4000 eV and the expansion pressure of argon gas 6.6 bar.
Figure 37: Differences between absolute peak intensities at 4.0 bar pressure in protonated
argon-water experiments.
In figures 35, 36, and 37 the differences between different fragments at certain pressure
are presented. The trend in all spectra is the same: as the fragment size (N) increases the
intensity decreases. For a given fragment the protonated water cluster peaks are the most
intense in spite the dimer peak (N=2), where the argon fragment is the most intense at 6.0
and 5.0 bar pressures. The intensities of mixed fragments of ArN [H2O]
+





3 are much lower compared to protonated water and argon fragments. Mainly
for a given fragment the ArN [H2O]
+
1 is the most intense and ArN [H2O]
+
3 the least intensive
peak of mixed fragments.
Argon monomer is left out from the results due the fact that the monomer peak does not
straightforwardly correspond to the cluster originated fragments. A part of the monomer
peak is from the individual argon gas atoms.
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4.5 Argon clusters in mixed experiment
Relative argon cluster peaks from mixed argon-water experiments are presented in figures
38a and 38b. In 4.0, 5.0, and 6.0 bar pressures the dimer peak is the highest peak as can be
seen from the chart 38a. In chart 38b at 3.2 bar pressure the 4-mer peak is the highest peak.
In the spectra measured at 3.2 bar pressure dimer and trimer peaks are missing. From the
spectra only 4-mer, 5-mer, 6-mer, 7-mer, and 8-mer peaks are seen. At 3.2 bar pressure
there is not much argon clusters formed. The lack of dimer and trimer peaks could be due
some ionization or fragmentation related phenomena.
(a)
(b)
Figure 38: Argon cluster peak relations presented from mixed argon-water experiments.
The results of 3.2 bar spectra are presented in separate chart due the lack of dimer and
trimer peaks.
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In both charts 38a and 38b the peak area decreases as the fragment size increases. In
addition, from chart 38a can be seen that as the pressure increases the relative abundancy
increases for a given fragment. Although there is a lot of variations to that trend so it
may not be the correct interpretation. For more accurate results more statistics should be
gathered.
4.5.1 Protonated water clusters
The protonated water clusters from mixed argon water experiments are presented in figure
39. At 4.0, 5.0, and 6.0 pressures the dimer peak is the highest peak when in 3.2 bar pressure
the trimer peak is the highest. However, in every measured spectrum the peak intensity
decreases as a function of fragment size. In addition, as the expansion pressure increases
the relative abundancy for a given fragment decreases with respect to dimer peak.
From the chart can be seen that trimer, 4-mer and 5-mer peaks in 3.2 bar spectra are
significantly higher compared to peaks of other pressures. In addition, 19-mer, 24-mer and
28-mer peaks at 3.2 bar pressure are high compared to the higher pressures. For protonated
water clusters the magic numbers are N=21 and N=28. In chart 39 these peaks do not
differentiate from the spectra apart from the 28-mer peak at 3.2 bar pressure.
Figure 39: A chart to describe the size distribution in protonated water clusters. In the
chart the fragment sizes are presented respect to dimer peak. Used ionization energy in
experiments was 4000 eV.
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Theoretical cluster sizes for water clusters corresponding the different pressures used in
cluster formation are shown in Table 6. The calculations are based on the model derived
by C. Bobbert et al. [23] presented in section 2.5.2. The theoretical results cannot be
straightforwardly applied to results derived in this thesis. Here not only protonated water
clusters were seen, but also argon clusters and mixed argon-water clusters. The presence of
argon in the experiments may affect the results. The size model is derived without carrier
gas and only expanding the water vapor through the nozzle. However, the size model could
give indicative results for the initial sizes of water clusters.
Table 6. Water cluster sizes as a function of pressure
Expansion pressure 3.2 bar 4.0 bar 5.0 bar 6.0 bar
Mean cluster size 279 425 648 913
As can be seen from the Table 6 the theoretically calculated cluster sizes for water clusters
are much larger as the theoretically calculated cluster sizes for argon clusters, presented in
Table 5, at same pressures.
4.5.2 Mixed clusters
Charts presented in figures 40, 41 and 42 describe the mixed argon-water clusters of form
ArN [H2O]
+
1 , ArN [H2O]
+
2 and ArN [H2O]
+
3 , where N is the number of argon atoms in the
fragment. ArN [H2O]
+
1 clusters are shown in figure 40. From the chart can be seen that the
peak intensity decreases as the size of the fragment increases. Also, for a given fragment,
the relative abundancy with respect to dimer peak decreases as the expansion pressure
decreases. Therefore, the fragment size increases as a function of increasing initial cluster
size.







1 , and Ar8[H2O]
+
1 exceptions to the trend can be seen.
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Figure 41: Relative cluster areas of mixed argon-water clusters of form ArN [H2O]
+
2 is















In figure 41 the relative abundancy increases for a given fragment as the expansion
pressure increases. The peak intensity varies as a function of increasing fragment size. For
6.0 bar and 5.0 bar spectra the Ar2[H2O]
+
2 is the highest peak when the highest peak at
4.0 bar pressure is Ar1[H2O]
+
2 peak. At 6.0 bar pressure there are 4 peaks that are higher
than the monomer peak. (Here the monomer peak indicates to the number of argon atoms
in a certain fragment.) For 5.0 bar pressure there are two peaks that are higher than the
dimer peak.
Figure 42 presents the clusters of form ArN [H2O]
+
3 . The relative abundancy for a given
fragment increases as the expansion pressure increases. This is the same result that was
found also for ArN [H2O]
+
1 and ArN [H2O]
+
2 clusters. The fragment size varies as a function
of increasing fragment size. At the spectra of 4.0 bar pressure the monomer peak is the
highest peak, when for spectra of 5.0 and 6.0 bar the Ar4[H2O]
+
3 peak is the highest. At
6.0 bar spectra only the Ar10[H2O]
+







3 are higher than the monomer peak.
The results presented in the charts 40, 41, and 42 are very tangled. This may be due
the small absolute peak intensities and therefore the statistics may be too low for proper
results.
4.5.3 Coincidence measurements of mixed argon-water clusters
The results from ion-ion coincidence measurements at 6.6 bar pressure are presented in
figures 43-49. The peaks found and recognized from the spectra are labeled. As in mass
spectroscopy measurements of protonated argon-water clusters pure argon, protonated water
and mixed argon-water fragments are seen.
In figure 43 the pure argon peaks are shown. The argon peak series found in coincidence
map 43 are also the series found from pure argon coincidence maps presented in figures
31 and 32. From figures 44 and 45 mainly peaks formed from protonated water clusters
are shown. In addition, there are series in which a single argon trimer or dimer and two
protonated water fragments are detected in coincidence. In figure 46 protonated water
cluster series and mixed protonated water-argon cluster series are found. In addition, a
series caused by H3O
+ ion and protonated water fragments is seen. Also, one series caused
by H3O
+ ion, one protonated water fragment and argon fragment is found.
The coincidence spectra shown in figure 47 presents the series of form H2O
+Ar+K
and H3O
+Ar+K, where K is either argon fragment or protonated water fragment. In
addition, one series with the base forming from oxygen ion and protonated water fragment
O+[H2O]2H
+L is seen, where L is protonated water fragment. The coincidence map 48






where M is protonated water fragment. The difference between the series is in the first ion.
At lower relative flight time the first ion is water dimer, when at higher relative flight time
the first ion to reach the detector is protonated water dimer.
In figure 49 four different hydrogen ions H+ based measurement series is presented. In
each series in figure H+ ion is the first ion, when the second ion at increasing relative flight
time is O+, OH+, H2O
+ or H3O
+. The third ion is an argon fragment in each series.
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Figure 43: Coincidence map of pure argon fragments in mixed argon-water measurements.
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Figure 44: Coincidence map of protonated water fragments and protonated argon-water
fragments in mixed argon-water measurements.
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Figure 45: Coincidence map of protonated water fragments and mixed protonated argon-
water fragments in mixed argon-water measurements.
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Figure 46: Coincidence map of protonated water fragments and protonated argon-water
fragments in mixed argon-water measurements.
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Figure 47: Coincidence map of mixed protonated water-argon fragments in mixed argon-
water measurements.
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Figure 48: Coincidence map of protonated water fragments and protonated water-water
fragments in mixed argon-water measurements.
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Figure 49: Coincidence map ofH+ ion based fragments in mixed argon-water measurements.
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5 Discussion
The presumption for mass spectroscopy measurement is that the higher the expansion pres-
sure the larger the initial clusters are [30]. Therefore, the larger the initial clusters are the
larger the fragments should be after ionization. Respectively, with higher ionization energy
the fragments should be smaller since they are also created via Coulomb explosion after
Auger cascades in addition to direct ionization [46]. Fragmentation processes of clusters
are not fully understood and therefore some of the results derived in this thesis cannot be
perfectly explained.
5.1 Rare gas clusters
In spectra 50a it can be seen that for a given xenon fragment, the relative abundancy with
respect to dimer increases as the initial cluster size i.e. expansion pressure increases. Also,
in the measurements as a function of ionization energy the relative abundancy for a given
fragments increases as the ionization energy decreases. Both results are in line with the
presumptions that were made.
In the study of A. N. Arseniev et al. it was found out that the intensity of peaks changes
in relation to ionization energy. For higher ionization energies the number of small fragments
increases whereas at low ionization energies the number of small fragments respectively
decreases. [46] This is exactly same result as was found here for xenon clusters measured as
a function of ionization energy presented in figures 50b and 50c. The results in the spectra of
50b and 50c are in agreement. According to A. N. Arseniev et al. the greater fragmentation
at higher energies is due the fragmentation of multiply ionized clusters. The fragmentation
of multiply ionized clusters is explained by Coulomb decay in clusters. [46]
In figures 51a and 52b the differences between the energy dependence measurement series
at 4.0 bar and 6.8 bar for argon are shown. In both charts some inconsistencies are found.
However, the trend of decreasing peak intensity as a function of increasing fragment size
can be found in both charts. Also, the as the ionization energy decreases the fragment size
increases. In the spectra measured at 4.0 bar pressure there are more variations between
the peak intensities than in the spectra measured at 6.8 bar pressure. In addition, in 4.0
bar spectra the dimer peak in relation to other peak intensities is lower compared to peak
intensity relations in 6.8 bar spectra. The difference is found especially at 70 eV and 20 eV
ionization energies between the two expansion pressures.
The binding energies for different shells in argon atoms are 3205.9 eV for 1s, 326.3 eV
for 2s, 250.6 eV for 2p1/2, 248.4 eV for 2p3/2, 29.3 eV for 3s, 15.9 eV for 3p1/2 and 15.7 eV
for 3p3/2 subshell. The spectra measured at 20 eV can only ionize electrons from 3p orbitals.
In the spectra measured at 4000 eV ionization energy, the ionizations are possible in every
shell. However, it is experimentally measured that even though the ionization energy would










Figure 51: A summary of mass spectroscopy measurements for argon clusters as a function
of ionization energy.
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In charts 52a and 52b differences between pressure dependency spectra measured at
ionization energies of 20 eV and 4000 eV are shown. In both spectra the relative abundancy
for a given fragment decreases as the expansion pressure, i.e. fragment size, increases. In
chart 52a the results are more consistent compared to results presented in figure 52b. The
peak intensity decreases uniformly as fragment size increases at 4000 eV ionization energy
when for 20 eV ionization energy the peak intensity varies as the fragment size increases.
However, the trend in 20 eV spectra is also decreasing. The inconsistencies could be a cause
of certain ionization paths. Although the more probable reason for variations in the results
of 20 eV spectra is that the electron gun does not necessarily work optimally in such low
energies. Also, better statistics in 20 eV measurements could sharpen the results. However,
the better measurement conditions would not probably change the main trends that were
seen from the results. Possibly at 4000 eV ionization energy several fragmentation processes
are possible. Perhaps in low ionization energies fewer fragmentation paths are possible, and
therefore the peak intensities vary in chart 52b.
In study of M. Gisselbrecht et al. [48] argon clusters are studied as a function of cluster
size at ionization energy of 216 eV. The ionization in their study is caused by XUV photons.
According to their study for a given fragment the intensity of a fragment decreases as the
initial cluster size increases. For every size, the dimer peak is the most intense. The results
are interpreted that for small clusters (average cluster size < N >= 10 and < N >= 20)
the measured peaks are due the direct photoionization and fragmentation, as for larger
clusters (average cluster size < N >= 100 and < N >= 1000) the peaks are only due the
photofragmentation. In photoionization the ionized clusters do not dissociate into smaller
fragments. In photofragmentation the initial cluster ionizes and dissociates into two or more
fragments. [48]
The results derived by M. Gisselbrecht et al. are similar compared to results derived
in this thesis, although the ionization method is different, so the results are not straight-
forwardly comparable. However, in the fragmentation and ionization mechanism may have
similarities in both cases due the similar results. It is possible that also in electron impact
ionization small clusters only ionize without fragmentation as is described in equations 25.
Single ionization 25 is possible ionization mechanism for all ionization energies used in these
experiments. In larger clusters, the ionization is followed by fragmentation which produces
with high probability small fragments such as monomers, dimers and trimers. In this thesis
the larger clusters could fragment via processes described in equations 26, 30, 31, 32 and
28.
In equations 26, 30 and 31 the initial cluster is doubly ionized and fragmented into
either two charged fragments, or one doubly charged and one neutral fragment. The double
ionization is possible with 70 eV or higher ionization energies used in this study. Also, the
fragmentation process described in equation 28 is possible, although in this experiment it
is impossible to know whether some of the fragments are neutral or negatively charged.
However, it could be very probable due the relatively large differences between the size




Figure 52: The comparison between the pressure dependency measurements with ionization
energies of 4000 eV and 20 eV. The theoretical cluster sizes according to U. Buck and R.
Krohne are marked into the charts.
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Figure 53: The whole coincidence spectra measured at 6.6 bar pressure. The three largest
peaks, in terms of total number of atoms, are marked in the figure. Even though the
theoretical cluster size for argon at 6.6 bar pressure is 73 the largest sum of the single peak
is 25 atoms.
From the coincidence spectra 31 and 32, it can be seen that in most fragmentation
processes a monomer, dimer or trimer ion is produced. Even the largest of fragments in
coincidence maps come in coincidence with a small fragment. This is probably the reason
why the dimer peak and other small atom number peaks are high apart from the initial
cluster size in every mass spectrum shown in this thesis. Also, the peaks recognized from the
coincidence maps indicate that in fragmentation process there are also neutral or negatively
charged fragments formed. For instance, theoretically calculated cluster size for coincidence
measurements at 6.6 bar pressure is 73 atoms, but in the coincidence map there are no peaks
in which the sum of the three fragments would achieve 73 atoms. The whole coincidence
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map for 6.6 bar pressure is shown in figure 53 where the highest fragment sum of single




Figure 54: The differences between argon and xenon measurements as a function of expan-
sion pressure with same ionization energy of 4000 eV.
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In figure 54a and 54b there are very interesting differences to be seen between the spectra
of argon and xenon measured as a function of a expansion pressure. When for a given xenon
fragment, the relative abundancy increases as the expansion pressure increases, for argon
the relative abundancy decreases at increasing expansion pressure. The difference between
the argon and xenon spectra could be explained by the bonding energies. For neutral xenon
dimer the bonding energy is two times higher compared to argon dimer as was stated in
section 2.2.3. The bonding energy in dimers indicate the strength of the bonding in larger
clusters too. In xenon clusters the bonding is stronger which leads to lighter fragmentation.
In argon the weaker bonding energy enables very strong fragmentation. Perhaps in argon the
bond strength is that weak that in fragmentation some of the largest fragments dissociate
further into smaller fragments. Since the number of atoms increases as the cluster size
increases so does the number of small fragments. When the initial cluster size in argon is
smaller the relative amount of dissociated small fragments is smaller. In xenon clusters the
bond strength could be high enough to keep the large fragments from further dissociation.
As can be seen from the coincidence spectra 31 and 32 even the largest of fragments in
the spectra come in coincidence with a very small fragment. To understand better the
differences between argon and xenon spectra, a further study of krypton and neon clusters
would offer more information.
After all, the results that are derived about rare gas clusters in this thesis could be
relatively reliable since the results between different measurement series support one another.
However, stronger models for fragmentation paths should be derived for comprehensive
understanding of the phenomenon. The study of A. N. Arseniev et al. [46] verifies the results
of xenon clusters presented in this thesis and respectfully the study of M. Gisselbrecht et
al. strengthen the results derived for argon.
To understand better the differences between the results of xenon and argon experiments
further research should be made. Triple ion coincidence experiment on xenon clusters could
produce interesting data about the fragmentation processes of xenon clusters. Via coin-
cidence measurements on xenon clusters, it would be possible to explain satisfactorily the
differences between xenon and argon mass spectra presented in this thesis.
5.2 Mixed cluster experiments
In coincidence measurements for mixed argon-water clusters interesting features about frag-
mentation can be seen. According to results shown in section 4.5.3 mixed argon-water
clusters are mainly fragmented into two fragments of protonated water and one argon frag-
ment. From coincidence map a fragment consisting of water and argon are not found. The
result could indicate that mixed clusters are formed from argon part and water part in the
expansion. The argon atoms would probably be on the surface of the mixed argon-water
cluster. The study of G. E. Douberly et al. [9] presented in section 2.3.2 and in figure 7a sup-
ports the deduction. According to G. E. Douberly et al. in small, argon-water clusters the
argon atom is bonded always in the surface atom of the water cluster. Although the results
of G. E. Douberly et al. are derived for small clusters, the results could apply also for larger
cluster sizes. Even though mixed fragments could not be found from coincidence spectra,
they were found from the mass spectra. Probably the structure of the mixed fragment is
similar to structures presented in figure 7a.
In mass spectra the mixed fragments are singly ionized which could mean that the ion-
ization degree would be +1 for the initial mixed cluster. The lack of mixed fragments in
coincidence spectra is due the fact that the original fragments measured in coincidence are
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multiply ionized. The ionization and fragmentation process for multiply ionized clusters is
shown in equation 27. After the multiple ionization process the ionized cluster dissociates
into three or more fragments that were measured in coincidence. The coincidence spectra
show how mixed protonated argon-water clusters dissociate into argon and protonated water
fragments. The dissociation caused by ionization happens from the weakest part of the clus-
ter, which is the bond between an argon atom and a hydrogen atom of the water molecule.
The bond strength between argon and hydrogen is 4.2 meV whereas the dissociation energy
in argon dimer is 12 meV and linear water dimer is 0.15 eV [1, 20, 50]. Therefore, also the
protonated water and argon fragments presented in figures 55 and 56a originated from the
cluster that was initially a mixed argon-water cluster.
Comparison between protonated water clusters, argon clusters and mixed clusters are
presented in figures 55, 56a and 56b. As can be seen from the charts for protonated water
clusters the relative abundancies for a given fragment decrease as the expansion pressure, i.e.
initial cluster size, increases. Interestingly for argon clusters and mixed argon-water clusters
produced in mixed experiments the trend is opposite. The relative abundancies of argon
and mixed clusters increase as a function of an increasing expansion pressure for a given
fragment. Althought, nothing sure about the trend of argon fragments in mixed experiments
cannot be said. For pure argon clusters shown in chart 52a for a given fragment the relative
abundancies decrease as the expansion pressure increases. The trend in protonated water
clusters and pure argon clusters (from rare gas experiments) are similar when the trends
between charts 56a and 52a are opposite to one another.




Figure 56: The summary of argon cluster and mixed argon clusters from mixed argon-water
measurements.
The possible explanation for the trend seen in protonated water clusters could be in the
fragmentation processes in mixed argon-water clusters. In this speculation two presumptions
are made: the fragments measured are from originally mixed cluster, the argon fragments in
mixed clusters are located on the surface of the water cluster, and the structure of the cluster
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is more permanent for larger sizes. Theoretical calculations of the increasing stability as a
function of an increasing cluster size in water clusters are shown for instance in the study
of Z. Yang et. al [49]. Here the idea is that in larger clusters water molecules form more
stable structures than in smaller clusters. At more permanent structures, the dissociation
processes form smaller fragments whereas for smaller and less permanent structures the
formed fragments are bigger. This would explain the results presented for protonated water
fragments in figure 55.
For larger protonated water clusters it can be seen in figure 7c that the structures are
cage-like. The cage-like structures result from the symmetries and the partial charges of
the initial water molecules. Single hydrogen atoms can be included into the cage structures.
However, single argon atom not to mention argon clusters would probably not be a part of
cage structure. In study of K. Suhara et al. [51] protonated methanol-water clusters were
studied. In the cluster the water molecules form a cage structure in which the methanol
molecule is attached. This is very similar result compared to study of G. E. Douberly et al.
The fragments from the coincidence map suggest that the structures in protonated argon-
water clusters could be reminiscent to structures presented by K. Suhara et al. and G.
E. Douberly et al. Perhaps the geometries of the protonated water clusters and the bond
energies between water molecules would prevent the formation of structures in which the
argon atoms would be here and there in the water cluster.
From the coincidence maps 43-49 can be seen that most peaks marked in the maps are
caused by protonated water fragments, argon fragments or mixture of protonated water
fragments and argon fragments. Only four series, shown in the coincidence map 49, are
found where the water molecule is dissociated even at 4000 eV ionization energy. The
dissociation energy for O-H bond in water molecule is 4.76 eV as was stated in section 2.4.
Naturally, the weaker hydrogen bond and van der Waals bond between argon and water
molecule break more easily and therefore most of the fragments do not include dissociated
parts of water molecule.
Further measurements on protonated argon-water clusters are needed. It would be in-
teresting to see whether the results of mixed fragments would form a uniform trend if there
would be more statistics in mass spectroscopy measurements. In addition, triple ion coin-
cidence measurements at different pressures or ionization energies would be an interesting
subject for further studies.
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6 Conclusions
Interesting results were derived between argon and xenon clusters considering the changes in
relative abundancies for a given fragment in measurements as a function of expansion pres-
sure. Via these results a large amount of information about the differences in fragmentation
processes between argon and xenon clusters is achieved. The bond strength differences are
proposed to explain the opposite spectral features between xenon and argon cluster spec-
tra. However, the explanations are not completely satisfactory. Therefore, further studies
are needed to achieve a complete understanding of the studied phenomenon. The measure-
ments as a function of ionization energy for argon and xenon clusters produce relatively
expectable results: the fragmentation increases as a function of increasing ionization energy.
The derivation for more delicate results was not possible due the problems in electron gun
at low energies and lack of necessary statistics.
For mixed argon-water clusters information about the structures and fragmentation pro-
cesses is derived from the mass and coincidence measurements. In a mixed cluster argon
atoms are determined to be on the surface of the cluster. Fragmentation of cluster occurs
most probably from the argon-hydrogen bonds. More information about the fragmentation
processes of mixed clusters could be derived via more advanc ed data analysis.
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